Purpose. To develop a mathematical model of the process of interaction of the shallow dredge suction pipe with solid particles and formation of the underwater face.
Introduction. In accordance with general concepts, there are three modes of disjointed soils suction in hydromechanized underwater mining: surface, deep and mixed [1, 2] . Modern complexes for hydromechanized mining and processing of disjointed granular minerals perform mining operations from depths of up to 50 m with a volumetric pulp concentration of up to 30 % [3, 4] . In this case, the most common is the surface suction of solid ground particles with the formation of an underwater surface erosion zone (Fig. 1) . One of the main parameters in the technology of underwater extraction of disjointed soils is the distance from the dredge suction pipe to the surface of the underwater face. The installation and retention of the suction pipe at the required distance from the face allows the maximum efficiency of the suction process of the granular material. The use of disintegrators changes the mode of interaction between the suction pipe and the solid particles, which requires an additional mathematical description.
Analysis of the recent research and publications. The free suction of the previously undisturbed granular mineral with the formation of an underwater surface erosion zone is a fairly well-studied process that is described as the movement of solids to the suction pipe as part of a carrier fluid flow from an unrestricted water space. In addition the solids are separated from the solid soil while flowing along liquid stream at velocities exceeding the value of washing speed, which is a function of hard particles size. Thus, a submarine wash zone is formed, whose dimensions are limited by the values of the washing speed at its surface [5] . However, preliminary loosening of the soil massif with the separation of solid particles and forced displacement of them into the carrier pulp flow changes the regime of formation of the surface washing out zone [6] . The suction of the pre-washed ground can be described as the transport of hard particles in the pulp to the suction pipe, under the influence of the pressure difference in the surrounding water space and the suction pipe. At the same time, the dimensions of such a loosening zone are limited by the values of the hydraulic size of the hard particles, of which the face is folded.
Based on the results of previous studies, including observations of the process of pulp suction in laboratory conditions, the scheme of the process of interaction of the suction pipe with hard particles, both in the composition of the disjointed massif and in the suspended state in the carrier pulp flow, is rationally represented in the M i n i n g form (Fig. 2) [7, 8] . The characteristic areas of this process are: the sedimentation zone of the washing out zone 2, the soil suction washing out zone 3, the washing out zone boundary 4, the sedimentation zone of the suspended soil suction zone 5, the suction zone of the suspended soil 6, the suction boundary of the suspended soil 7. Determination of the suction boundary of the suspended soil is an important scientific and technical task, whose solution will allow rationalizing the processes of ground preparation in the underwater face for their mining.
unsolved aspects of the problem. The distance from the suction pipe section to the suction zone boundary of the particles in question moving at a speed U gr in the underwater face, measured along the forming a suction zone characterized by an inclination angle y call it the suction radius of a particle in an underwater face.
Determination of the value of the particle suction radius will allow us to solve the problem of constructing the boundaries of the suction zone for particles of different density and size, that is, constructing the pulp suction field in the underwater face.
A correct description of the interaction process between the shallow dredge suction pipe and solid particles in the pulp flow in an underwater surface face requires the development of a mathematical model of flow motion in the erosion areas during suction of disjointed soil and suction of the suspended soil. In connection with this, the development of the theoretical foundations of the process of interaction between the suction pipe and the pulp flow in these areas is an important and urgent scientific and technical task, the solution of which will allow us to substantiate the rational parameters of the shallow dredge dredging equipment.
Objectives of the article. The purpose of this work is to develop a mathematical model of the process of interaction between the shallow dredge suction pipe with hard particles and the formation of an underwater face. The use of such a model in engineering calculations will allow us to substantiate the rational design and technological parameters of shallow dredges dredging equipment and establish the underwater face boundaries by constructing the surface of the suspended soil suction zone, as a result of which we determine the volume of soil extracted by a single suction pipe.
description of the research methodology.The process of interaction of the suction pipe of the dredge with the pulp flow, which includes solid ground particles formed during the motion of liquid from an unlimited bottomhole space, is considered. To describe the motion of a fluid flow involving hard particles in the underwater face of a single suction pipe, the continuity equation for an ideal liquid in polar coordinates is applied. The solution of the differential equation in general form is fulfilled. The motion of hard particles and the formation of an underwater face of the suction pipe are considered as a result of the difference in pressures below and above the particle.
Presentation of the main research and explanation of scientific results. For the mathematical description of the process, we introduce the following notations ( Fig. 3 ): Q -is productivity of the suction pulp, m 3 /s; r -is the distance from the suction pipe to the suction area boundary, m; r sp -is the radius of the suction pipe, m; u r -is the radial velocity of the suction flow, m/s; u y -is the tangential flow velocity, m/s; U w -is the soil washing speed on the inclined forming line of the washing out zone, m/s ; θ -is the angle of the suction line inclination in the X-Z plane; y -is the angle of the suc- 
Solving the obtained expression for known values of the suction pipe radius r sp , soil washing speed on the washing out zone inclined forming line U w and the angle of inclination of the suction line y it is possible to determine the function of the suction radius, i. e., changing the distance from the suction pipe to the suction area boundary.
The motion of a hard particle in the underwater face of the suction pipe can be ensured by the difference in pressures below and above the particle. If there is more pressure under the particle than above it, then the particle moves to the suction pipe, if on the contrary the particle moves to the side opposite to it. If the pressure under the particle is equal to the pressure above the particle, then it maintains its equilibrium and is at the boundary of the suction area.
Let us consider the movement of the fluid flow in the suction area of the suction pipe underwater face. It is known that the suction flow performs both radial and rotational motion [9] . At the same time, the radial movement ensures the proper capacity Q, and the rotational motion leads to the appearance of centrifugal forces, and, correspondingly, to a decrease in the suction radius r.
The pressure acting on a hard particle can be obtained from such an expression, Pa
where P 0 is hydrostatic pressure, Pa; P sf is the pressure caused by centrifugal force, Pa; P vh is the pressure caused by the effect of velocity head, Pa.
At the boundary of the suction area, in the absence of fluid flow movement, the pressure corresponds to the hydrostatic pressure, Pa
where P atm is the atmospheric pressure, Pa; r is the density of liquid in the underwater face suction area, kg/m 3;
h is the depth of immersion of a hard particle, m. Taking the design scheme (Fig. 3) as a basis, the depth of placement of the hard particle is obtained from the expression, m h = h 0 + r cos y,
where h 0 is the depth of suction pipe immersion, m.
Using expressions (2, 3), we obtain a formula for determining the hydrostatic pressure acting on the suction area boundary P 0 = P atm + rgh 0 + rgr cos y.
( 4) It is known that the pressure caused by the effect of the velocity head can be expressed by the formula, Pa . 8
To determine the influence of the centrifugal force on the fluid motion in the suction area, we use the dependence
Having obtained the expressions (1-7), we write the formula for determining the pressure acting on a hard particle in the suction pipe underwater face We get the pressure difference under the hard particle and above it, which will cause its motion, taking the dependences (6, 7) as a basis, then 
Let us consider the force interaction when sucking in hard particles in the suction pipe underwater face (Fig. 4) . A solid particle in an underwater face is affected by the following forces: gravity, the force of adhesion to the soil mass, the force due to the difference in pressure under and above the hard particle. Gravity, taking into account the strength of Archimedes, H ( )
M i n i n g where r sk is the density of the soil skeleton, kg/m 3 ; d is the particle diameter, m; r w is the density of the medium (water), kg/m 3 . The strength of the cohesion of a hard particle with the soil massive can be expressed as, H 2 , 4
where K adh is the coefficient of adhesion, N/m 2 . The force due to the difference in pressure, H 2 , 4
where DP is the pressure difference, at the suction area boundary, Pa. The equilibrium state for a hard particle will be observed when the forces acting on it are equal, that is,
Then substituting the expressions for the corresponding forces from formulas (8-11) into the dependence obtained, we write the formula for the equilibrium state in the form ( ) M i n i n g a suction pipe, and tending to infinity at its upper portion with increasing angle y of up to 90° (Fig. 6) .
The resulting theoretical description of force interaction at the suction of hard particles in the underwater surface suction pipe face the suction area boundaries differs from the form of the surface face, obtained in earlier studies (Fig. 1) . Such a difference in the shape of the surface face is explained by the fact that Fig. 6 shows the boundary surface of the suction area of hard particles particulate fixed size, e. g. d = 0.16 mm. Fig. 1 shows the shape of the underwater surface suction pipe face in the massive folded with hard particles of varying size and density. Considering formation of underwater surface suction pipe face with hard particles of the same density, such as silica particles, it is understood that the diameter of the hard particles has a determining influence on the value of the radius of suction, and hence on the dimensions of the suction zone. Directly under the suction pipe, i.e. in the central portion of the surface of the underwater surface suction pipe face, there accumulate hard particles, which, due to large size or density, are outside the respective suction area.
Conclusions and recommendations for further research. As a result of development of the mathematical model of interaction of shallow dredge suction pipe with hard particles in the characteristic areas of the surface of the underwater surface suction pipe face, an analytical relationship is obtained, which allows estimating the change of the distance from the suction pipe to suction area boundary. It is found that the radius of the suspended particles of quartz particles with size d = 0.15… 5 mm in the underwater single suction pipe face is directly proportional to the fourth root of a square power of the ratio of performance of the pulp in the suction pipe to the diameter of the hard particles and the estimated cosine of the inclination angle of the suction zone forming.
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